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Cross-Talk between Neighboring Troponins in Ventricular Myofibrils
Sean C. Little, Paul Janssen, Jonathan P. Davis.
The Ohio State University, Columbus, OH, USA.
Troponin C (TnC) is responsible for Ca2þ-dependent activation and inactiva-
tion of the thin filament during contraction and relaxation of the heart. To study
the Ca2þ binding properties of TnC, we designed a human cardiac TnC (C35S
T53C C84S)5 the L48Q mutation. L48Q TnC has an increased Ca2þ sensitiv-
ity and decreased rate of Ca2þ dissocation as previously shown in multiple bio-
chemical systems. We exchanged IANBD labeled control or L48Q Tn into
rabbit ventricular myofibrils and used a stopped-flow apparatus to measure
the fluorescence change related to Ca2þ dissociation. Unlike the mono-phasic
Ca2þ dissociation curve of control myofibrils (25.3/s5 0.7), Ca2þ dissociation
from L48Q TnCmyofibrils was biphasic, with rates of 17.35 0.5/s and 4.735
0.07/s, at 15oC. The apparent Ca2þ affinities of the fast and slow phases for
L48Q TnC corresponded to the steady-state Ca2þ binding affinities of control
and L48Q myofibrils, respectively. We hypothesized that the biphasic rate of
L48Q Tn exchanged myofibrils results from the influence of the un-
exchanged endogenous Tn. Consistent with this hypothesis, reconstituted thin
filaments containing 100% L48Q Tn had a mono-phasic Ca2þ dissociation
curve. Whereas, Ca2þ dissociation from reconstituted thin filaments containing
IANBD labeled L48Q Tn and unlabeled control Tn lead to a biphasic Ca2þ dis-
sociation rate, confirming the crosstalk between Tn subunits. Interestingly, the
biphasic characteristic of L48Q TnC was absent when incorporated into dis-
eased human ventricular myofibrils, possibly due to an altered thin filament
state. Fluorescently labeled L48Q TnC provides insight into the interactions oc-
curring between neighboring Tn subunits. Thus, L48Q TnC may be a useful
tool to probe myofilament protein interactions along the thin filament.
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Effect of Hypertrophic Cardiomyopathy Linked Troponin CMutations on
the Calcium Sensitivity of Acto-Myosin ATPase under Different Phosphor-
ylation States of Troponin I
Acchia Albury1, Nicholas Swindle2, Svetlana Tikunova2.
1Wingate University, Wingate, NC, USA, 2University of Houston, Houston,
TX, USA.
The objective of this work was to investigate the effect of hypertrophic cardio-
myopathy linked A8V and E134D cardiac troponin C (cTnC) mutations on the
calcium sensitivity of acto-myosin ATPase under different phosphorylation
states of cardiac troponin I (cTnI). Consistent with its effect on the calcium sen-
sitivity of cTnC reconstituted into the thin filament, the A8V mutation led to
substantially higher calcium sensitivity of acto-myosin ATPase. The effect of
the A8V mutation on the calcium sensitivity of acto-myosin ATPase was
also evaluated after cTnI was replaced by the PKA phosphorylation mimetic
of cTnI (S22D/S23DcTnI). Replacement of cTnI by the PKA phosphorylation
mimetic of cTnI led to a larger decrease in the calcium sensitivity of acto-
myosin ATPase for the A8VcTnC compared to wild-type cTnC. In fact, the
ability of the A8V mutation to sensitize the acto-myosin ATPase to calcium
was almost completely eliminated after cTnI was replaced by the PKA phos-
phorylation mimetic of cTnI. The PKA phosphorylation mimetic of cTnI
also had a bigger effect on the rate of calcium dissociation from the A8VcTnC
reconstituted into the thin filament than on that from wild-type cTnC. The
E134D mutation exerted no effect on the calcium sensitivity of the acto-
myosin ATPase regardless of cTnI phosphorylation status. Thus, the ability
of hypertrophic cardiomyopathy linked cTnC mutations to affect the calcium
sensitivity of acto-myosin ATPase varies depending on phosphorylation status
of cTnI.
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Troponin T Nuclear Localization and its Role in Aging Skeletal Muscle
Tan Zhang, Alexander Birbrair, Zhong-Min Wang, Jackson Taylor,
Marı´a Laura Messi, Osvaldo Delbono.
WFUHS, Winston-Salem, NC, USA.
Troponin T (TnT) is known to mediate the interaction between Tn complex and
tropomyosin (Tm), which is essential for calcium-activated striated muscle
contraction. This regulatory function takes place in the myoplasm, where
TnT binds Tm. However, recent findings of Troponin I and Tm nuclear trans-
location in Drosophila and mammalian cells imply other roles for the Tn-Tm
complex. We hypothesized that TnT plays a nonclassical role through nuclear
translocation. By immunoblotting with two different antibodies that target the
NH2- or COOH-terminal region, respectively, we show that fast skeletal mus-
cle TnT3 is localized in the muscle nucleus in addition to the cytoplasm as ei-
ther an intact or fragmented protein. By transient overexpressing DsRed fusion
proteins of different TnT3 fragments in C2C12 skeletal muscle cells, full-
length or the COOH-terminal fragment are predominantly localized in thenucleus, closely related to nucleolus. In contrast, TnT3 middle and NH2-
terminal fragments are predominantly localized in the cytoplasm, suggesting
divergent functions. RNA polymerase inhibition redistributed TnT3 and its
COOH-terminus from the nucleolus, implying a role for TnT3 in rRNA pro-
cessing. More importantly, the full-length TnT3 protein is less abundant in
myonuclei from old (24 months) vs young (4 months) mice while the
COOH-terminal fragment is more abundant in older mice. We also found
that apoptosis markers increased in cells expressing the fluorescence-tagged
full length or COOH-terminal (CT) TnT3 proteins, in contrast to those express-
ing the middle and NH2-terminal fragments. We propose that TnT3 plays an
important role in aging muscle, by contributing to decreased myonuclear num-
bers, thus mediating age-related muscle damage and disease.
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The Effect of HCM and RCM Causing Mutations of Troponin T on Force
Generation and Cross-Bridge Kinetics in Thin-Filament Reconstituted
Bovine Cardiac Muscle Fibers
Fan Bai1, Hannah M. Caster1, Jose R. Pinto2, James D. Potter2,
Masataka Kawai1.
1The University of Iowa, Iowa City, IA, USA, 2University of Miami Miller
school of Medicine, Miami, FL, USA.
Two troponin T mutations (I79N and DE96), which cause hypertrophic cardio-
myopathy and restrictive cardiomyopathy respectively, were examined using
the thin-filament extraction and reconstitution technique. Effects of Ca2þ,
ATP, phosphate and ADP concentrations on force and its transients were stud-
ied at 25C and compared to WT. I79N andDE96 showed no significant change
in maximum tension generated compared to WT, but both of them showed sig-
nificantly increased Ca2þ sensitivity (pCa50: 5.6550.04 and 5.6250.04, re-
spectively) than WT (5.4450.04). The cooperativity increased in I79N
(2.5350.18) but remained the same in DE96 (1.7550.19) compared to WT
(1.7150.18). Both I79N and DE96 showed lowered low-Ca (pCa 8.0) stiffness
(YLC, 14.5252.67 and 23.9352.73) than WT (30.2154.36). High-Ca (pCa
4.66) stiffness remained similar among all three Tns. However, The Ca2þ acti-
vatable stiffness of I79N and DE96 (Yact=YHC-YLC, 55.4354.92 and
48.4956.91) was significantly higher than WT (Yact=33.5454.22) (5sem,
N=9-20 for all studies). The All tensions were normalized to Ta, the tension
of actin-filament reconstituted myocardium at the standard activating condi-
tion. Five equilibrium constants were deduced using sinusoidal analysis.
I79N and DE96 showed significantly decreased K0 (ADP dissociation constant,
30.2052.43 mM1 and 34.6153.89 mM1, respectively) than WT
(46.851.24 mM1). I79N showed significantly lower K2 (cross-bridge detach-
ment step: 0.8050.11) than DE96 (1.7450.24) and WT (1.4150.19). I79N
and DE96 also showed significantly higher K4 (force generation step:
0.7050.06 and 0.2850.01, respectively) than WT (0.2150.03). The cross-
bridge distribution of the mutants and WT was calculated from the equilibrium
constants. I79N showed ~33% more force generating cross-bridges than WT,
but DE96 remained similar to WT. These results indicate that, under
pCa4.66, force/cross-bridge is ~25% less in I79N than WT, but remains similar
in DE96.
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Structural and Kinetic Effects of PKC Phosphorylation and Selected HCM
Mutations of cTnI on cTnI-CTnC Interactions within the Reconstituted
Thin Filament
Zhiqun Zhou, KingLun Li, Daniel Rieck, Yexin Ouyang, Wen-Ji Dong.
Washington State University, pullman, WA, USA.
The switching activity of cardiac troponin I (cTnI) during activation can be
modulated by protein kinase C (PKC) dependent phosphorylation and hypertro-
phic cardiomyopathy (HCM) mutations found in the C-domain of cTnI. In this
study, FRET was used to follow the cTnI-cTnC interactions associated with
cTnI switching by monitoring changes in the distances from residue 89 of
cTnC to residues 151 (inhibitory region-Ir) and 167 (regulatory region-Rr) of
cTnI, respectively. PKC pseudo-phosphorylation mutants of cTnI (S43E,
S45E and T144E) and three HCM-associated mutants of cTnI (R145G,
R145Q and R162W), all containing a marker for FRET, were generated. The
structural and kinetic effects of these mutants on cTnI-cTnC interactions
were then investigated using steady-state and time-resolved FRET measure-
ments and stopped-flow. Results showed that PKC pseudo-phosphorylation
of cTnI decreased the Ca2þ-sensitivity of both the cTnI(Ir)- and cTnI(Rr)-
cTnC interactions, while the HCM mutants cTnI(R145G), cTnI(R145Q) and
cTnI(R163W) increased Ca2þ-sensitivity. Ca2þ-dissociation induced struc-
tural kinetics of the cTnI(Ir)-cTnC interaction was accelerated with
cTnI(S43E/S45E) and cTnI(S43E/S45E/T144E), and slowed with
cTnI(T144E). The structural kinetics of the cTnI(Rr)-cTnC interaction was de-
creased in response to all PKC pseudo-phosphorylation combinations.
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ics of Ca2þ-dissociation induced structural changes in both cTnI(Ir)- and
cTnI(Rr)-cTnC interactions, but to a different extent. These results suggest
that different HCM mutations and PKC phosphorylation of cTnI may have
unique structural and kinetic effects on cTnI(Ir)- and cTnI(Rr)-cTnC interac-
tions that collectively effect pathophysiology and functional modulation, re-
spectively. Structural effects of the PKC pseudo-phosphorylation mutants
and HCM mutants, as well as overall effects when PKC pseudo-
phosphorylation and HCM mutations are combined into one mutant, on both
cTnI(Ir)- and cTnI(Rr)-cTnC interactions will be also discussed.
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The N-Terminal Extension of Cardiac Troponin I Regulates the Kinetics of
Myosin ATPase Cycle
Laura Gunther, Han-Zhong Feng, Takeshi Sakamoto, Jian-Ping Jin.
Wayne State University, Detroit, MI, USA.
The contraction of cardiac muscles is powered by actin-activated myosin mo-
tor, a process regulated by calcium through the troponin complex. The troponin
complex consists of three protein subunits, troponin C (TnC), troponin T (TnT)
and troponin I (TnI). TnI is the inhibitory subunit of troponin and plays an es-
sential role in regulating the actomyosin ATPase cycle.
Cardiac TnI (cTnI) has a unique N-terminal extension that contains protein ki-
nase A phosphorylation sites Ser23 and Ser24. Mimicking the effect of PKA
phosphorylation, a restrictive proteolysis of the N-terminal extension of cTnI
(cTnI-ND) occurs during cardiac adaptation to decrease myofilament calcium
sensitivity and increase the rate of myocardial relaxation. To understand the
mechanism of the cTnI N-terminal regulation, we applied stopped-flow fluor-
ometry to measure each step of the ATPase cycle and the mant-dATP binding
rates in cardiac myofibrils isolated from double transgenic mouse hearts ex-
pressing solely cTnI-ND with a knockout of the endogenous cTnI gene and
wild type controls. The mant-dATP binding rate of the cTnI-ND myofibrils
(3.88/s/mM) was three time faster than that of wild-type control (0.97/s/mM).
Km (mant-dATP) of cTnI-ND myofibrils (10 mM) is significantly higher than
that of wild type myofibrils (139 mM). These results indicate that ATP binds
to myosin at a significantly higher rate in cTnI-ND cardiac muscle. Further ex-
periments are underway to measure the ADP dissociation rate, phosphate dis-
sociation rate, and binding/dissociation rate of the myosin motor domain to
actin filaments. (Supported by grants from the National Institutes of Health
and an Incubator Grant from the Office of Vice President Research of Wayne
State University).
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Pseudo-Phosphorylation of Cardiac Troponin I Containing the RCM Tro-
ponin T Deletion Glutamic Acid 96 is not an Accurate Indicator of the
Phosphorylation Effects by PKA in Skinned Fibers
Michelle S. Parvatiyar1, Jingsheng Liang2, Michelle A. Jones2,
James D. Potter2, Jose R. Pinto2.
1University of California, Los Angeles, Los Angeles, CA, USA,
2University of Miami, Miami, FL, USA.
The cardiac TnT deletion (HcTnT-DE96) linked to Restrictive Cardiomyopa-
thy (RCM) dramatically increases the Ca2þ sensitivity of force development
in skinned fibers (J. Biol. Chem. 283(4):2156–66). This study explores whether
HcTnT-DE96 interferes with convergent regulation by Protein Kinase A (PKA)
which decreases myofilament Ca2þ sensitivity. Native cTnT of porcine cardiac
skinned fibers was displaced by HcTnT-WT or HcTnT-DE96 and reconstituted
with binary complex containing pseudo non-phosphorylatable cTnI (cTnI-SS/
AA.cTnC) or pseudo-phosphorylated (cTnI-SS/DD.cTnC). For comparison,
skinned fibers were also reconstituted with binary cTnI.cTnC phosphorylated
by PKA in vitro (cTnI-2P.cTnC) to assess effects of HcTnT-DE96 on Ca2þ sen-
sitivity of force development. As expected, fibers displaced with HcTnT-WT
reconstituted with cTnI-SS/DD.cTnC decreased Ca2þ sensitivity of force com-
pared to control reconstituted with cTnI-SS/AA.cTnC. In contrast, fibers dis-
placed with HCTnT-DE96 and reconstituted with cTnI-SS/DD.cTnC or cTnI-
SS/AA.cTnC had similar Ca2þ sensitivities. When fibers were displaced with
HcTnT3-WT or HcTnT3-DE96 and reconstituted with cTnI-2P.cTnC, the ex-
pected decrease in Ca2þ sensitivity was observed for both. These results sug-
gest that phosphorylation mimetic cTnI-SS/DD may not always mimic
phosphorylation by PKA. Furthermore, the mutant HcTnT-DE96 protein re-
vealed reduced a-helical content by CD spectroscopy when compared to
WT. Thermo-denaturation studies indicated that the mutant protein unfolded
earlier thanWT and was partially unfolded at physiological temperatures. Fluo-
rescence studies containing CTnC-IAANS demonstrated that a high order of
complexity (thin filament þ myosin S1) is needed to better approach changes
in Ca2þ affinity produced by the RCM cTnT mutation in skinned fibers. The
effects of the HcTnT mutation on Ca2þ sensitivity properties were likely dueto altered interactions of TnT with other thin filament proteins. Supported
AHA 09POST2300030 (MSP), NIH R01-HL42325 (JDP) and J&E King
1KN13-34001 (JRP).
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The Hypertrophic CardiomyopathyMutation R21C in Cardiac Troponin I
Affects Ca2D Homeostasis and Contractility in Transgenic Cardiomyo-
cytes
Raul Dulce, Yingcai Wang, Jingsheng Liang, Ana I. Rojas, Joshua M. Hare,
James D. Potter, Jose R. Pinto.
University of Miami, Miami, FL, USA.
Previously, we reported the generation and characterization of an R21C cardiac
troponin I (cTnI) knock-in (KI) mouse model linked to hypertrophic cardiomy-
opathy in humans (Biophys JVol 98, Issue 3, Suppl 1, 148a). TheR21Cþ/þ (ho-
mozygote) mice displayed decreased cTnI phosphorylation at serines23/24,
decreased Ca2þ sensitivity response (rightward shift) of the myofilament upon
PKA incubation and marked late stage heart hypertrophy (R 12 months of
age). Here, we further investigated effects of the cTnI R21C mutation on intra-
cellular Ca2þ ([Ca2þ]i) and contractility in R21Cþ/þ cardiomyocytes before
and after 100 nmol/L isoproterenol (ISO) treatment. Incubationwith ISO slightly
reduced diastolic [Ca2þ]i in R21Cþ/þ cardiomyocytes, consistent with in-
creased resting sarcomere length (SL) (relaxation), however diastolic [Ca2þ]i in-
creased in WT cardiomyocytes without altering resting SL. Despite similar SL
shortening between both strains at baseline or after ISO, WT had a strong re-
sponse to ISO with increased DCa2þ amplitude (systolic [Ca2þ]i - diastolic
[Ca2þ]i) but no significant increase in R21Cþ/þ throughout a range of frequen-
cies was observed. Ca2þ decay was similar between strains before or after ISO,
however SL relaxation in R21Cþ/þ was slower but with stronger response to
ISO compared to WT. Furthermore, the rate of relaxation of R21Cþ/þ skinned
fibers was measured by flashphotolysis prior to and after PKA incubation. Data
was fit with a double exponential and major changes were identified in the first
rate constant (k1). After PKA incubation, k1 in WT skinned fibers significantly
increased (19.02/sec to 28.49/sec). In comparison, k1 inR21Cþ/þ skinned fibers
increased from (22.66/sec to 26.40/sec) before and after PKA treatment. These
data taken together demonstrates that the HCM R21C-cTnI mutation increases
intracellular calcium buffering and delays sarcomere relaxation without chang-
ing Ca2þ decay. Supported by NIH R01-HL432325 (JDP).
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Perturbed Length-Dependent Activation in Human HCM with Sarcomere
Mutations in Thin Filament Proteins
Vasco Sequeira1, Jessica A. Regan2, Michelle Michels3, Folkert J. ten Cate3,
Marjon A. van Slegtenhorst3, Ger J.M. Stienen1, Cris dos Remedios4,
Jolanda van der Velden1.
1Department of Physiology, VU University Medical Center, Amsterdam,
Netherlands, 2Department of Physiology, Molecular Cardiovascular
Research Program, Sarver Heart Center, Tucson, AZ, USA, 3Thorax Center,
Erasmus Medical Center Rotterdam, Rotterdam, Netherlands,
4Muscle Research Unit, Institute for Biomedical research, The University
of Sydney, Sydney, Australia.
Background
The Frank-Starling mechanism describes the intrinsic relationship between
ventricular filling (end-diastolic volume) and contraction (stroke volume) and
is based on length-dependent activation of cardiac sarcomeres. An increase
in sarcomere length with increased end-diastolic volume increases myofilament
Ca2þ-sensitivity and thereby contractility. In the present study we investigated
if length-dependent activation is altered in human hypertrophic cardiomyopa-
thy (HCM) with known mutations in thin filament proteins.
Methods
Comparisons were made between cardiac samples from a patient harboring
a homozygous TNNT2 (troponin T) mutation, a patient carrying a heterozygous
TPM1 (tropomyosin) mutation, two patients harboring a heterozygous TNNI3
(troponin I) mutation and non-failing donors. Force measurements were per-
formed in single Triton-permeabilized cardiomyocytes at various [Ca2þ] and
sarcomere lengths of 1.8 and 2.2 mm, with and without protein kinase A
(PKA)-pretreatment.
Results
Myofilament Ca2þ-sensitivity at 2.2 mm did not significantly differ between
TNNT2, TPM1 and TNNI3 (EC50 = 2.5150.10, 2.1650.19 and 2.6950.16
mmol/L, respectively), while it was significantly higher compared to donors
(EC50 = 3.0950.09 mmol/L).
The length-dependent increase in myofilament Ca2þ-sensitivity was not signif-
icantly different between TNNT2, TPM1 and TNNI3 (DEC50 = 0.4150.17,
0.2950.13 and 0.2950.15 mmol/L, respectively), but significantly reduced
compared to donors (DEC50 = 0.7650.06 mmol/L).
